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ABSTRACT
Thestudyofparasiticprotozoaplaysamajorroleincell
biology,biochemistryandmolecularbiology.Numerous
cytochemicaltechniqueshavebeendevelopedinorderto
unequivocallyidentifythenatureofsubcellularcompartments.
Enzymeandimmuno-cytochemistryallowthedetectionof,
respectively,enzymaticactivityproductsandantigensin
particularsiteswithinthecell.Energy-filteringtransmission
electronmicroscopypermitsthedetectionofspecificelements
withinsuchcompartments.Theseapproachesareparticularly
usefulforstudiesemployingantimicrobialagentswhere
cellularcompartmentsmaybedestroyedorremarkablyaltered
andthushardlyidentifiedbystandardmethodsofobservation.
Inthisregardcytochemicalandspectroscopictechniques
providevaluabledataallowingthedeterminationofthe
mechanismsofactionofsuchcompounds.
INTRODUCTION
Parasiticprotozoacomprisevaluabletoolsincellbiology,
providingexcellentandoftenuniqueexperimentalmodels(e.g.
1,2).Theuseofmicrobialpathogenstoapproachbasic
questionsincellbiologyisconsideredanewsciencetermed
‘cellularmicrobiology’(3,4).Thefirstlivingcellsobserved
underamicroscopeweremostprobablyparasiticprotozoa
(Giardialamblia,Opalina,Nyctotherusandcoccidparasitesof
rabbits)aswellasbacteriacollectedbyAntonivan
Leeuwenhoek.Knowledgeaboutcellfunctioningandstructure
reliedlargelyonthedevelopmentofmicroscopicapproaches
andtheprotozoologyofparasitesplaysapivotalroleinthe
advancementnotonlyofparasitology,butalsoofcellbiology,
biochemistryandmolecularbiology.
Ultrastructuralandcytochemicalstudyof
parasiticprotozoa
Thestudyofparasiticprotozoausinglightandtransmission
electronmicroscopyhasoftenbeenfacedwithdifficultiesin
subcellularcompartmentidentification.Organelleswithsimilar
structuralfeaturesbutratherdistinctcompositionswere
frequentlysubsumedunderthesamedesignationandvice
versa.Thereforetheidentificationofacompartmentbyroutine
TEMmaybeconsideredpurelyarbitrary(5).Wehave
previouslystudiedtheeffectsoftheputrescineanalogue2,4-
diaminobutanoneonthetrichomonadparasiteTritrichomonas
foetus.Thedrugremarkablyreducedprotozoanproliferationin
vitroandledtoprofoundalterationsintheredoxorganelles
termedhydrogenosomes.Theseorganellesareimportantinthe
chemotherapyoftrichomoniasissincethedrugsofchoice,the
5-nitroimidazolessuchasmetronidazole(flagyl
â)areactivated
byreductionwithinthesecompartments.TheTEMofthedrug-
treatedparasitesstronglysuggestedthattheorganelleswere
drasticallyalteredanddestroyedafterprolongedincubations.
Wewereonlyabletoconfirmthehydrogenosomaldestruction
bytheputrescineanaloguebytheuseofimmunogold
cytochemistryemployingamonoclonalantibodytoamarker
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enzymei.e.b-succinyl-CoAsynthetase(6).
Sterolbiosynthesisinhibitors(SBI)arepotentantifungal
compoundsthatcompriseimportantcandidatesforthe
chemotherapyofChagasdiseaseandleishmaniasis(7-10).We
havepreviouslynoticedthatSBIsuchasketoconazoleand
terbinafineinduceduncontrolledautophagyinLeishmania
amazonensisparasites(8).Thecytochemicaldetectionofacid
phosphatasewasemployedtoconfirmtheautophagicnatureof
multivesicularbodiesobservedinSBI-treatedparasites.More
recentlyweusedcytochemistryandelectronenergy-loss
spectroscopy(EELS)tofurtheraddresstheSBIeffectson
Leishmania(11).Inthisreport,wedemonstratethat
cytochemistryandenergy-lossspectroscopyarevaluabletools
inprotozoology.
Energy-filteringtransmissionelectron
microscopy
Energy-filteringtransmissionelectronmicroscopyhasbecome
apowerfultooltostudytheelementdistributionincellular
compartments.Thistechniqueallowsthecalculationof
elementdistributionimagesinasamplewithhighspatial
resolutionandsensitivity(12).Theunderlyingprincipleofthis
techniqueisthefactthatbeamelectronsinatransmission
electronmicroscopelosecharacteristicorelement-specific
energiesduringinelasticcollisionswiththesampleatoms.The
electronenergy-lossspectrumshowsthefeaturesofthis
interactionwiththespecimen.
Theexcitationeventsofinner-shellelectronsofacertainatom
thatcomposethespecimenappearinthespectrumasan
increaseinelectroncountsinthecore-lossionizationedge
followedbyaprogressivedecreasewiththeincreasingenergy
loss.Everyionizationedgeissuperimposedonaspectral
backgroundduetootherenergy-lossprocesses.Toobtainan
imagethatrepresentsthecharacteristicenergy-losselectrons,
andconsequentlyreflectstheelementaldistributioninthe
specimen,thebackgroundcontributionmustbesubtracted.
Variousmethodshavebeendevelopedtoobtaintheelement
distributioninaspecimen.Inthespectrum-imagingandimage-
EELStechniques,athree-dimensionaldatasetoftheelectron
energy-lossspectrumiscollectedforeachpixeloftheanalysed
field.Inspectraimaginginascanningtransmissionelectron
microscope,asmallareaofthesampleisanalysedanda
parallel EELS spectrum is acquired for each point.
Alternatively,theelementdistributioncanbecalculatedfroma
smallnumberofimagesacquiredatdefinedenergylosses.The
imagesareobtainedinafixedbeamtransmissionelectron
microscopethatcontainseitheranin-columnorapost-column
filter(13).Thefilterseparateselectronsaccordingtotheir
energylossesafterinteractionwiththespecimensandaslitis
usedtodefineanenergywindowthatwillcontributetothe
recordedimage.Theimageisrecordedwithacameraatenergy
lossesrelatedtotheelementtobemappedandsortedinthe
computer’memoryforfuturecalculations.Toobtainan
elementalmapwithenergy-filteredimagesitisnecessaryto
removethenon-element-specificbackgroundfromthespecific
signaloftheionizationedge.
Thicknessofthesampleisanimportantparametertobe
consideredinelectronenergy-lossspectroscopyofsectionsof
biologicalspecimens.Thisismainlybecause,whenan
acceleratedbeamelectronpassesthroughaspecimen,itis
possiblethatitisscatteredtwiceorevenseveraltimes.The
probabilityofpluralormultiplescatteringincreasesin
proportiontothespecimenthicknessandrisingatomicnumber
ordensity.Allscatteringcombinationscanoccur(elasticplus
elastic,elasticplusinelasticormultipleinelastic)andmultiple-
scatteredelectronsloseenergywitheachinelasticimpact.The
informationcontentoftheelement-characteristicsinglescatter
electronsisgreatlyreducedwhenmultiplescatterincreases.
Multiplescatteredelectronsprovidenoinformationvaluefor
energylossanalysis,especiallyforelementalmapping.The
moremultiplescatterasamplemaypresent,thelessreliable
theanalysisfortheelement-characteristicsinglescatter.This
leadstoaconsiderablereductionofthesignal-to-noiseratio
andadecreaseindetectability.Thus,thesectionthicknessofa
specimenforacquisitionofanelectronenergy-lossspectrumor
calculationofaelementalmapshouldbeoptimisedforbest
results.
Differentprotocolsareusedtoestimatethebackgroundand
identifytheelementsignaltocalculatetheelementalmapfrom
theelement-enhancedimage.Themostcommonarethetwo-
andthree-windowmethods.Inthetwo-windowmethod,a
backgroundimageisapre-edgeimagethatissubtracted
(differencemethod)ordivided(jump-ratiomethod)fromthe
element-enhancedimage.Thetwo-windowmethodgives
elementalmapswithhighsignaltonoiseratiosbecauseituses
onlytwoimagesinsteadofthreeasinthecaseofthethree-
window-power-lawmethod.Thethree-window-power-law
methodisthemostconventionalmethodforbackground
subtractionandcalculationofelementalmaps.Inthiscase,the
backgroundisestimatedbyapower-lawfunctionI=A.E
-r,
whereIistheelectroncount,EistheenergylossandAandr
arethetwoindependentfittingparameters(13).Tocalculate
theelementalmapwiththismethod,twoimagesbelowandone
imageabovetheionizationedgeareacquired.Background
correctionisdonebyextrapolatingthebackgroundimage
accordingtothepowerfunctionmodel.BothAandrvary
withinthesamplesasaresultofvariationsinthethicknessand
compositionandaseparateestimationofthebackgroundis
requiredateachpixel.Todothis,extrapolatedbackgroundis
subtractedpixelbypixelfromtheelementenhancededge(the
imageabovetheionizationedge).Thenetresultofthis
subtractionisconsideredtheelementalmapforthatelement.
Variationsofthetwo-andthree-windowmethodswere
developed(12).Vannier-SantosandLins. 10
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MATERIALSANDMETHODS
CytochemicalidentificationofLeishmania
subcellularcompartments
Inordertoidentifytheparasiteorganelles,weperformedthe
detectionofacidphosphatase(14).Thistechniqueisbasedon
theceriumchloride-mediatedcaptureofliberatedphosphate
groupsinthepresenceofaphosphatasesubstratesuchas
glycerophosphateorp-nitrophenylphosphate(p-NPP).Theuse
ofp-NPPposestheadvantageofhavingasaproductp-
nitrophenol,whichiseasilydetectedspectrophotometrically
allowingaparallelquantitativeapproach.Neverthelesstheuse
ofp-NPPisassociatedwithitsnon-enzymatichydrolysisinthe
presenceofceriumchloride.
Thecellswerefixedin1%glutaraldehyde(typeI,Sigma,St.
Louis)in0.1Msodiumcacodylatebuffer,pH7.2,for10min.
at4°C.Afterwardstheywerewashedtwiceinthesamebuffer
andonceinTris-HClbuffer,pH5.0.Thecellswerethen
incubatedfor60min.inTris-HClbuffer,pH5.0with1mM
sodium-b-glycerophosphate,5%(w/v)sucroseand2mM
CeCl3.Afterthat,thecellswerewashedinthesamebufferand
fixedin2.5%glutaraldehydeincacodylatebuffer,pH7.2,for
60minatroomtemperatureandprocessedforTEM.
Endocyticcompartmentscanbedetectedbytheuseoftracers
suchasperoxidaseandgold-labelledproteinsthatcanbe
readilyidentifiedbyelectrondensereactionproductprecipitates
andcharacteristicparticles,respectively.Weemployed
horseradishperoxidase(HRP)asafluid-phaseendocytictracer.
LivingcellswereincubatedwithHRPfor60-120min.and
thenwith500mg/ml3:3’-diaminobenzidine(DAB),and0.01
%(w/v)hydrogenperoxide(H2O2)assubstratesformore60
min.atroomtemperature.Afterwardsthecellswereprocessed
forTEM. Endocyticcompartmentscanbealsotracedby
incubationoflivingcellswithcationizedferritin,whichbinds
toanionogenicsitesonthecellsurface.LivingLeishmania
amazonensispromastigoteswereincubatedwith10mg/ml
cationizedferritinfor60-120min.andthenwashed,fixedin
2.5%glutaraldehydeandprocessedforTEM.
Subcelullarcompartmentscanalsobestudiedbytheuseof
gold-conjugatedlectins.Weincubatedthinsectionsoflowicryl
K4M-embeddedparasiteswithseveralgold-labelledlectins
(15).Forthisprocedure,thecellswerefixedin1%
glutaraldehyde,4%formaldehyde(freshlyprepared)in
cacodylatebuffer,pH7.2,for60min.at4°C,dehydratedin
methanolandembeddedinlowicrylK4Mbytheprogressive
loweringoftemperaturemethod(16).
Gold-labelledtransferrinandcystatinCwerealsoemployedas
endocytictracers.Livingcellswereincubatedwiththegold-
conjugatedproteinsfor60min.andthenprocessedforTEM.
Elementalmappingbyenergy-filtered
transmissionelectronmicroscopy
Inordertodetecttheelementspresentinsubcellularstructures
oftheparasites,wepreparedcellsforelectronmicroscopy.The
mostprevalentelementsinthespectra,whichwedecidedto
map,werecalcium,oxygenandphosphorus.Cellswerefixed
in2.5%glutaraldehydeincacodylatebuffer0.1M,pH7.2,for
2hatroomtemperature,washedinthesamebuffer,post-fixed
inabuffered1%OsO4 solutionfor20minutes,washedin
buffer,dehydratedthroughanacetoneseriesandthen
embeddedandpolymerizedinPolyBed812resin.Unstained
30-50nm-thicksectionswereanalysedwithaZeissCEM902
transmissionelectronmicroscopeequippedwithanIBAS
(KontronElektronikGmbH)image analysis system.For
elementalmapping,thetwoorthreewindowmethodwasused
tomapphosphorus(post-edge:150eV;pre-edge:100and110
eV;energy-selectingwindowof20eV),calcium(post-edge:
360eV;pre-edge:330eV;energy-selectingwindowof20eV
andO(post-edge:545eV;pre-edge:515and490eV;energy-
selectingwindowof20eV).Theobjectiveaperturewas90mm
(17mradapproximately)andtheacceleratingvoltagewas80
kV.Elementalmapsweredirectlyphotographedfromthehost
computermonitor.Forelectronenergy-lossspectroscopy,the
microscopewasoperatedinspectrummodewithanobjective
apertureof30µm(5.8mradapproximately)andaccelerating
voltageof80kV.Theenergy-selectingwindowwasof
approximately2eV.Electroncountsweremeasuredat2eV
intervalsbyadigitalmultimeterconnectedtoaphotomultiplier
attachedtothemicroscope.Theoutputreadingswerefedinto
thecomputermemoryandprocessedbythesoftwaredeveloped
byKontronElektronikGmbH.
RESULTSANDDISCUSSION
UltrastructuralcytochemistryofLeishmania
Cytochemicalapproacheshaveallowedthebonafide
identificationofsubcellularcompartmentswithinwholecells.
Cellorganellessuchasnucleusandmitochondriaarereadily
identifiedunderTEM.Nevertheless,otherlessconspicuousor
drug-modified compartments cannot be unequivocally
recognisedsimplybystructuralfeatures(6).
Differentprotozoaspeciesdisplaycompartmentstermed
acidocalcisomes,whichareacidicandstorecalcium(17).
Neverthelessthisdefinitionismainlybasedonfunctional
assaysandmethodologicalartefactshavehamperedthe
identificationoftheseorganellesinTEM.
Sincewehavepreviouslynoticed(8)thatLeishmaniaparasites
treatedwiththeantifungalcompoundspresentedstructural
alterationsthatincludedincreasednumbersoforganelles
resemblingtheacidocalcisomes(Figs.1aandb),wedecidedto
furtherapproachthisphenomenon.Weemployedcytochemical
methodstocharacterizetheSBI-treatedparasites.Although
thesecompartmentsareacidicandaccumulatecalcium,
experimentscarriedoutusingotherprotozoaindicatethattheyVannier-SantosandLins. 11
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donottakepartintheendocyticpathway(18,19).
Neverthelessdifferentendocytictracersandlongincubation
periodsshouldbetested.Theobservationofmembranous,
materialcouldbeindicativeofapresumablyautophagicnature
tothiscompartmentandthecytochemicaldetectionofacid
phosphatase(Fig.1c)activitywouldcorroboratethisinference.
Nevertheless these compartments present high
pyrophosphataseactivity(theseenzymesmayalsobedetected
bycerium-basedcytochemicalprocedures)andconsiderable
amountsofinorganicphosphates(20).Thustheacid
phosphatasedetectionwithinthiscompartmentmaybe
misleadingunlesssuitablecontrolsarecarriedout.
Interestinglyundersuchconditionsitwaspossibletoobservea
membraneunitliningtheorganellecore(Fig.1c).
Theuseofendocytictracersmakespossibletheidentification
ofcompartmentsoftheendosomal/lysosomal/autophagic
pathwayindifferentcelltypes.Theuseofperoxidaseand
DABinultrastructuralcytochemistrywasintroducedby
GrahamandKarnovsky(21,22)totraceendocytosisbutitwas
alsowidelyVannier-SantosandLins. 12
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Fig.1:A)TEMofcontrolLeishmaniaamazonensispromastigotesdisplayingthenormalorganelles,includingsome
acidocalcisomes(arrowheads)N–nucleus,K–kinetoplast.;B)Terbinafine-treatedpromastigoteshowingnumerousandlarge
acidocalcisomes(Arrows).;C)AcidphosphatasedetectioninL.amazonensisacidocalcisome(arrowheads)Notethepresenceof
membraneunitliningtheorganellecore(arrows).D)HRPactivitydetectioninacidocalcisome(arrowheads);Scalebarsindicate1
mm(A-B)and0.25mm(C-D);(reproducedfrom(11)withpublisherpermission).
employedforthedemonstrationofcatalaseandcytochrome
oxidaseaswellasfordetectionofendogenousperoxidase
activities.Heme-derivativescanalsomediatetheoxidative
polymerizationofDAB.Thiswouldnotbeaproblemhere
sincetrypanosomatidparasitesdonotproducehemegroups,
whichthereforemustbeincorporatedfromthemedium.Thus
ifingestedthesegroupswouldalsobefoundinendocytic
compartments.TheoxidationleadstoDABpolymerizationvia
nitrogenatomsandtheresultingpolymerishighlyosmiophilic
andinsoluble,thereforeallowingeasyidentificationof
electrondenseprecipitatesoftheenzymaticreactionproduct
withminimaldiffusionartefacts.
TheincubationofSBI-treatedandcontrolparasiteswithHRP
asanendocytictracerresultedintheacidocalcisomelabelling
(Fig.1d).
Fig.2:LivingLeishmaniaparasiteswereincubatedwiththeendocytictracers:A)cationizedferritin;C)transferrin-AuandD)
cystatinC-Au,for60-120minorfixedandprocessedforpost-embeddingcytochemistry(seemethodologysection)andtheLimax
flavusagglutinin-bindingsites(B)weredetectedusingthegoldconjugatedlectin.IntheconditionstestedherelabellingwasVannier-SantosandLins. 13
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observedinacidocalcisome-likecompartments.Scalebarsindicate0.1mm(A),0.2mm(B)and0.25mm(C-D);(reproducedfrom
(11)and(15)withpublisherspermission).
LivingLeishmaniaparasitesincubatedwithcationizedferritin
presentedlabelledacidocalcisomes(Fig.2a).Similarly,we
havepreviouslyobserved(15)theLeishmaniaacidocalcisome
staining(Fig.2b)bythegold-labelledlectinfromLimaxflavus
(specificforneuraminicacid).
Gold-labelledproteinscanalsobeusedsuccessfullyas
endocytictracers(23).Theyposetheremarkableadvantageof
allowingtheuseofdifferentproteinsconjugatedwithdifferent
particlediametersbutitmustbekeptinmindthatthegold
conjugation,particularlywithparticleslargerthan5nm,may
altertheendocyticpathwayofaproteinsuchastransferrin
(24).Insuchcases,theproteinmaybefollowedby
immunocytochemistry (e.g. 25, 26). Interestingly,
immunocytochemicaldetectionofoneormoreproteinsmaybe
performedsimultaneouslywiththecytochemicaldetectionof
anenzyme(e.g.27).
Hereweemployedgold-conjugatedtransferrinandcystatinC.
Inbothcasesacidocalcisome-likeorganelleswerelabelled
(Figs.2candd),indicatingapossibleendosomal/autophagic
nature.Unfortunately,wepresentlycannotexcludethe
possibilityofmistakingothercompartmentswithstructural
similarity.
ApplicationoftheEFTEMtomicrobiological
andchemotherapeuticalstudiesinLeishmania
Inourpreviousreport(11),electronspectroscopicimagingwas
usedtomapphosphorous,oxygenandcalciuminthinsections
of polybed-embedded parasites. Inelastically scattered
electronswithelement-specificenergylosseswereusedto
determinethedistributionofseveralelementsinLeishmania
promastigotesbeforeandaftercultivationoftheSBI
ketoconazoleandterbinafine.Boththeelectronenergy-loss
spectraandelementalmapsoftheacidocalcisomesrevealedthe
presenceofphosphorous,oxygenandcalcium.
Elementalmappingofacidocalcisomesshowedahomogenous
distributionofphosphorous(Fig.3b),calcium(Fig.3d)and
oxygen(Fig.3c)allovertheorganelledensecore(Fig.3a).
Electronenergy-lossrepresentativespectraconfirmedthe
presenceoftheseelementsbydemonstratingcalciumL2,3 (346
eV),oxygenK(532eV)andnitrogen(402eV)edges(Fig.4a).
TheL2,3 edgeforphosphorous(132eV;Fig.4b)and
occasionallyzinc(notshown)werealsodetectedinthis
organelle.Wecannotexcludethepossibilitythatother
elementswerewashedoutduringsampleprocessingand/or
sectioning.ThedetectionofPandOconfirmtheorganelles
studiedwereindeedtheacidocalcisomesandphosphategroups
couldbefoundwithinthesecompartmentsduetothe
polyphosphateand/orpyrophosphatebreakdown(20)ortothe
degradationofmaterialderivedfromtheendocytic/autophagic
pathway(11).
Fig.3–Elementalmapping(b-d)ofanL.amazonensis
acidocalcisomeshownin(a).Thephosphorus(b)andoxygen
(c)mapswerecalculatedbythethree-windowmethodsfrom
twoenergiesbelowandoneabovetheenergyedgeforeach
element.Thecalciummap(d)wascalculatedbythetwo-
windowmethodusingoneenergybelowandoneabovethe
energyedgeofthatelement.Scalebarindicates0.5mm
(reproducedfrom(11)withpublisherpermission).Vannier-SantosandLins. 14
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Fig.4–Electronenergylossspectraofanacidocalciosome
showing(a)theL2,3 edgeoftheelementcalcium(346eV)and
Kedgesoftheelementsnitrogen(402eV)andoxygen(532
eV)and(b)theL 2,3 edgeoftheelementphosphorus(132eV).
Insetsarethederivativesofthespectrashown,highlightingthe
edgesoftheelements.(reproducedfrom(11)withpublisher
permission).
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PROTOCOL
1.Equipment
Currently,twomajorcommercialspectrometersaremanufacturedwithdifferentpurposes:themagneticprismspectrometer
(Gatan;http://www.gatan.com)andtheOmegafilter(Leo;http://www.leo-em.co.uk).Themagneticprismisdesignedwithenergy
spectrometryasitsprimaryfunctionwhereastheomegafilterisusedmainlyforenergy-filteredimagingalthoughspectracanbe
obtained.Besides,theGatanImageFilter(GIF),whichisavariationofthemagneticprismspectrometer,combinesbothspectral
andimagingcapabilitiesandcanalsobeusedinanalsobeusedinenergy-filteredimaging.Theelectronspectrometersdesigned
forenergy-filteredimagingareoftwotypes:(a)in-columnspectrometerssuchasthosefoundonaZeiss902,LEO912andLEO
922microscopeseriesforelectronspectroscopicimagingand(b)post-columnimagingfilters(theGatanimagingfilters–GIF
series).WehavebeendoingelectronspectroscopicimagingwithaZeissCEM902(nolongercommerciallyavailable)andwitha
LEO912transmissionelectronmicroscope.Thesemicroscopeshaveafixedbeamandcontainanin-columnfilterthatseparates
electronsaccordingtotheirenergylossesafterinteractionwiththespecimensandaslitisusedtodefineanenergywindowthat
willcontributetotherecordedimage.Theimageisrecordedwithacameraatenergylossesrelatedtotheelementtobemapped
andsortedinthecomputer’memoryforfuturecalculations.WeusedaSIT(Dagetype,series66x;Michigancity,USA)tube
cameratoobtainimagesandaserialdetectionphotomultiplierattachedtoadigitalmultimetertoobtainelectronenergy-loss
spectra.
2.Reagents
· PBS(phosphate-bufferedsaline):0.1MNaCl,0.01MNaH2PO4,pH7.4.
· Glutaraldehyde(typesIandII),osmiumtetroxide,ceriumchloride,sodiumcacodylate,bovineserumalbumin,TritonX-100,
sucrose,TRISbase,b-glycerophosphate,horseradishperoxidase,hydrogenperoxide,3:3’-diaminobenzidine,glycine,acetic
acidandsodiumacetatewerepurchasedfromSigmaChemicalCo.(SanMateoCA).
· Gold-conjugatedsecondaryantibodieswerepurchasedfromPolysciences,Inc
· AcetoneandmethanolwerepurchasedfromMerck.
· Eponpolybed820andlowicryllk4MwerepurchasedfromEMscopeLaboratoriesorTedPellaCo.
· 16-20%p-formaldehyde(PFA)stocksolutionsarepreparedbyheatingto~60°Candadding5NNaOH(drop-by-drop).
Dissolutionisaccomplishedwhentheliquidistotallytranslucent.PFAstocksolutionsmaybefrozenuntiluse,butshouldbe
keptincappedflasksfilledtothetopandsealedwithparafilmtoavoidoxidation.Whendefrosting(e.g.inawaterbath)the
PFAsolutionsusuallypresentamilkyappearanceandshouldbeusedonlyafterbecomingtranslucent.Fixativesolutionsmust
bepreparedandhandledinafumehood.
3.Methods
TransmissionElectronMicroscopy
1. Fixcellsinasuitablebufferedaldehydefixativefor2.5%glutaraldehydeeithergradeIorII(SigmaChemicalCo.)in0.1M
sodiumcacodylatebufferpH7.2at4°Covernight.Thefixativesolutionfinalvolumeshouldbeatleast10-foldhigherthanthe
tissuefragmentorcellpelletsample.
2. Harvestcellsbycentrifugationinthesamebuffer.
3. Forpre-embeddingcytochemicaldetectionproceedasdescribedinsteps5and6ofPost-EmbeddingImmunocytochemical
Detection.)
4. Post-fixin1%osmiumtetroxidein0.8%potassiumferricyanidefor30minatroomtemperatureandprotectedfromlight.
5. Dehydateinincreasedconcentrationsofacetone(orotherappropriatesolvent)
6. EmbedinEponpolybed820epoxyresin
7. Stainultrathinsectionsin5%aqueousuranylacetateandleadcitrate.
AcidPhosphataseCytochemicalDetection
1. Fixcellsmildlyinasuitablebufferedaldehydefixativefor15-20minat4°C.Weused1%glutaraldehydegradeII(Sigma
ChemicalCo.)in0.1MsodiumcacodylatebufferpH7.2.
2. Harvestcellsbycentrifugationineppendorffmicrotubes(1minat14000r.p.m.)inabufferotherthanphosphate.
3. Preparethecompleteincubationmediumaccordingtothefollowingformula:Vannier-SantosandLins. 17
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Reagent Finalconcentration
0.2MSodiumacetatebufferpH5.0 100mM
b–glycerophosphate 1mM
Ceriumchlorideorleadnitrate 1-2mM
TritonX-100 0.01%
Distilledwater -
Sucrose(optional) 100-200mM
Thesucrosemaybeomitteddependingonthecelltype,tissueorfixationused.Thecomponentsoftheincubationmedium
shouldbemixedasdescribedaboveandspecialcareshouldbetakenbyaddingthesubstrate.Thefinalmediummustbeclear
whenusingb-glycerophosphate.Ceriumchlorideadditionmustbeveryslow.Itmaybedissolvedin1mMdistilledwater
andaddeddrop-by-dropunderconstantagitation..Incubatecellsfor10-60minat37°Cwithoccasionalagitation.
Somealternativebuffersandsubstratescanbeused;acetateisapopularbufferbutappearstoproducesomecytological
damage,dimethylglutaricacidissuitableformosttissues.Alternativesubstratesarep-nitrophenylphosphate(tendtogivea
precipitateintheincubationmediumduetonon-enzymatichydrolysis;equimolarmixtureofa-andb-glycerophosphate
isomers(withnoadvantagedescribed);a-naphthylphosphate(nomorethan0.4mg/mlofthedisodiumsaltshouldbeadded
duetoitslowersolubility).
Appropriatecontrolsshouldbeincluded,suchasomissionofthesubstratefromtheincubationmediumoradditionofspecific
inhibitorsoftheenzyme.Suchcontrolsmaystillshowsomestainingofthemembranesandcertainorganellesbytheledions.
4. Afterincubation,washcellsbycentrifugationin2-3changesofsucrose-bufferwashconsistingof0.06MTris-Maleatebuffer
atpH5.2plus10%sucrose.
5. ProceedasdescribedinTransmissionelectronmicroscopy,exceptfordonotstainthesectionswithuranylacetateandlead
citrate.
HorseradishPeroxidaseDetection
1. Incubatelivingcellswithhorseradishperoxidefor1-2hsat37°C.
2. Fixcellsinappropriatefixativesolutionandperoxidaseactivitywithstandsaldehydefixativesevenatroomtemperature.
3. Dissolve5mg3:3’-diaminobenzidine(DAB)in9mlof0.05MTrisbufferatpH7.6andadd1mlofafresly-prepared0.1%
H2O2 solution.
4. Washcellsandincubateinthismediumfor5-30minatroomtemperature.Controlsshouldomittthehydrogenperoxide.If
catalase-typeactivityispresent,itcanbeinhibitedby0.01M3-amino-1,2,4-triazoleaddedtotheincubationmedium.
5. Afterwashing,proceedasdescribedinTransmissionElectronMicroscopysection(steps4-6)
6. Stainonlywithleadcitrate
Post-embeddingImmunocytochemicalDetection
1. FixcellsinKarnovsky´sfixativesolution,consistingof0.5-2%glutaraldehydegradeI(SigmaChemicalCo),4%p-
formaldehydein0.1McacodylatebufferpH7.2plus0.01%picricacidat4°Covernight.Thefixativeshouldbepre-cooled
beforeadditiontocells.
2. Washcellsbycentrifugation2-3timesinthesamebufferandincubatewith0.1MglycinesolutioninPBSinothertoquench
thefreealdehydegroups.
3. Dehydateinincreasedmethanolconcentrationsandinmethanol-Lowicyllk4Mhydrophyllicresinasfollows:
MethanolConcentration Timeincubation Temperature
30%methanol 10 4°C
50%methanol 10 4°C
70%methanol 10 -10°C
90%methanol 30 -10°C
2:190%methanol-lowicryl 24-48hs -20°C
1:190%methanol-lowicryl 24-48hs -20°C
1:290%methanol-lowicryl 24-48hs -20°CVannier-SantosandLins. 18
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MethanolConcentration Timeincubation Temperature
Lowicryl 24-48hs -20°C
4. PolymerizethelowicrylembeddedcellsinappropriatemoldsorgelatinbeadsunderU.Vlamp
5. Blocknon-specificproteinbindingsitesofthinsectionsinblockingsolutionconsistingof3-5%bovineserumalbuminornon-
fatmilk(whendetectingcarbohydrateantigensmilkshouldnotbeused)inPBSpH8.0plus0.01%Tween20for60minat
roomtemperature
6. Incubatesectionswiththeantibodyofchoiceinblockingbufferfor1-2hsatroomtemperature.,extensivelywashgridswith
bufferandincubatewiththeappropriategold-labeledantibodyfor1h.Washgrids.
7. Stainsectionswithuranylacetateandleadcitrateasdescribedabove.Donotobservetheincubatedgridsundertheelectron
microscopyatthesamedayofstaining,otherwisethehumidityofthesectionsmaycontaminatetheobjectivemicroscopelens
apertures.Ifnecessary,thegridsmaybevacuum-dried.
Elementalmappingandelectronenergylossspectroscopy
1. Verythin(30-50nm)sectionsareessentialforobtaininggoodmapsofelementsandenergy-lossspectrabecauseofthe
multiplescatteringeventsthathamperthecalculationofmapsandgoodspectraacquisition.Sectionsshouldbepreferentially
madeusingadiamondknifeandcollectedon400meshnickelgrids.Flankingthinnestsectionswiththickeronesmaybe
helpfulforvisualizationduringsectioning.Thicknessshouldbecarefullycontrolledbyinterferencecolortobesilverorgray.
2. Observethesampleinapreviouslyalignedmicroscopeunderaverygoodvacuum(8x10-7mbar,minimum)toavoid
contaminationofthesamplebecauseofexcessiveradiation.Also,themicroscopeshouldbeoperatedwithananti-
contaminationdevice(copperwirecooledinliquidnitrogendewarflask).
3. Choosetheimagingconditionsforgenerationofelectronspectroscopicimagesorelectronenergy-lossspectra.Theobjective
apertureshouldmatchthespectrometerone(60-30mmforimages;30mmforspectra).Magnificationshouldbechosento
minimizethesignallossandstillmaximizeresolutioninthefinalmap.
4. Adjustthespectrometerparameterstotheelementanalyzed.Usuallyanenergy-selectingapertureof10-20eVisusedfor
obtainingmapsandawindowof1-2eVischosenforspectra.Adjustandcenterthespectrometerentranceaperture.
5. Toobtainelectronspectroscopicimages,runthesoftwareforelementalanalysis(ESIProversion3.0;SISGmbH,Germany).
Openthecorrespondingmoduleinthesoftware(menuESIacquisition)andadjusttheparameters:elementtobeanalyzed,
energylossesforthewindows,methodforbackgroundcorrection(two-orthree-windowmethod).Setthecameratomanual
modeandadjustthecamerasettings(brightnessandgain)tothedynamicrangeoftheacquisitionboard(8-bitresolution)for
mosttubecameras.Digitalizetheelectronspectroscopicimagesandstoreinthecomputermemory.
6. Toobtainanelementalmapwithenergy-filteredimagesitisnecessarytoremovethenon-element-specificbackgroundfrom
thespecificsignaloftheionizationedge.Choosethemethodforbackgroundcorrection,two-orthree-windowmethod,and
calculatethecorrespondingelementalmapsusingthesystem’sspecificsoftwaremodule(menuESIAnalyze).Evaluatethe
mapsandrepeatthestep5ifnecessary.Savetheimageseriesandthemapsonthecomputerdisk.Therearepossible
complicationsofmassthicknesseffects,relatedtosectionthickness,whichmayleadtoerroneousinterpretationsoftheresults.
Multiplescatteringandscramblingofthesignalbytheincreasedlocalthicknessisanimportantartifactthatcanoccur,
especiallyincytoplasmicstructureswithstrongvariationsinmassthickness(densitytimesthethickness).Ideally,thelocal
thicknessofaspecimenforacquisitionofanelectronenergy-lossspectrumorcalculationofanelementalmapshouldbe
smallerthanthemean-free-pathoftheinelasticscatteringprocesses.Themeanfreepathistheaveragedistancebetween
particularinteractions.
7. Toobtainelectronenergylossspectra,runthesoftwareforelementalanalysis(ESIProversion3.0;SISGmbH,Germany).
Openthecorrespondingmoduleinthesoftware(menuSerialEELS)andadjusttheparameters:elementtobeanalyzed,energy
lossrangeforthespectra,electroncountrange,acquisitiontime,anddwelltime.Monitortheelectroncountwiththe
photomultiplier-multimeterandmaximizesignalbymaximizingelectronprobecurrentontheareaanalyzed.Startacquisition
andstoredatainthecomputermemory.
8. Evaluatethespectrumandrepeatthestep7,ifnecessary.Savethedataseriesonthecomputerdisk.Thesoftwarecontains
toolsforspectraevaluationandprocessing(smoothing,edgestriping,deconvolutionetc).
9. Forfurtherinformationcontactthemicroscope(www.leo-em.co.uk)orthesoftware(http://www.soft-imaging.net)
manufacturers.